Introduction
Childhood irritable bowel syndrome (IBS) is a common functional gastrointestinal (GI) disorder, affecting up to 19% of school-aged children. 1 As in adults, childhood IBS is believed to be multifactorial, with different factors (e.g., diet, visceral hyperalgesia, and gut microbiome composition) potentially playing more of a role in one individual with IBS as compared with another. 2 We recently reported that as a group, children with IBS have a different gut microbiome composition as compared with healthy controls. 3 Whether these differences impact the success of treatments or interventions is unknown.
In adults with IBS, multisubstrate carbohydrate elimination diets, which are believed to decrease gut microbial fermentation, have demonstrated efficacy in reducing GI symptoms. [4] [5] [6] These include limiting overall carbohydrate intake and/or limiting intake of specific carbohydrates believed to be poorly digested, fermentable, and osmotic (low fermentable substrate diet, LFSD). [4] [5] [6] Proposed mechanisms for efficacy have included decreased microbial hydrogen production 7 and decreased stool output, resulting in improved stool form primarily in adults with IBS-diarrhea predominant. 8 However, not all those given an LFSD benefit. To date, identifying the subpopulation in which these dietary interventions will be most successful has not been accomplished. 9 To our knowledge, a comprehensive LFSD has not been formally investigated in children with IBS. We hypothesized that, similar to adults with IBS, an LFSD would be effective in children. Therefore, we undertook a pilot study to evaluate the potential efficacy of such a diet in reducing abdominal pain frequency in children with IBS. In addition, we sought to examine microbial factors that might be related to whether the diet improves IBS symptoms and thereby gain insight into potential baseline factors that may help predict a successful response to an LFSD.
Results
Twelve children with pediatric Rome III-defined IBS were enrolled in a pilot study, of whom eight completed the study Keywords: pediatric, abdominal pain, irritable bowel syndrome, FODMAPs, microbiome, metabolites
We sought to determine whether a low fermentable substrate diet (LFsD) decreases abdominal pain frequency in children with irritable bowel syndrome (IBs) and to identify potential microbial factors related to diet efficacy. Pain symptoms, stooling characteristics, breath hydrogen and methane, whole intestinal transit time, stool microbiome, and metabolite composition were collected and/or documented in eight children with IBs at baseline and during one week of an LFsD intervention. Pain frequency (P < 0.05), pain severity (P < 0.05), and pain-related interference with activities (P < 0.05) decreased in the subjects while on the LFsD. Responders vs. non-responders: four children (50%) were identified as responders (>50% decrease in abdominal pain frequency while on the LFsD). There were no differences between responders and non-responders with respect to hydrogen production, methane production, stooling characteristics, or gut transit time. Responders were characterized by increased pre-LFsD abundance of bacterial taxa belonging to the genera sporobacter (P < 0.05) and subdoligranulum (P < 0.02) and decreased abundance of taxa belonging to Bacteroides (P < 0.05) relative to non-responders. In parallel, stool metabolites differed between responders and non-responders and were associated with differences in microbiome composition. These pilot study results suggest that an LFsD may be effective in decreasing GI symptoms in children with IBs. Microbial factors such as gut microbiome composition and stool metabolites while on the diet may relate to LFsD efficacy.
( Fig. 1) . No adverse events were encountered during the study. Mean age in those completing the trial was 10.9 ± 3.6 y (range 7-16). There were 4 boys and 4 girls. Race and ethnicity were as follows: 6 Caucasians, 1 Asian, and 1 Hispanic. Mean BMI% was 50.0 ± 30.6. Based on stool form classifications, six of the children were IBS-constipation predominant (IBS-C), one was IBS-diarrhea predominant (IBS-D), and one was IBS-mixed type (IBS-M). Of the four responders, three had IBS-C, and one IBS-D. Four of eight subjects were classified as responders to the diet. Responders and non-responders did not differ with respect to age, height, weight, BMI, sex, or race and/or ethnicity (data not shown).
Several dietary changes occurred during the LFSD, including a decrease in the number of highly fermentable substrate foods eaten per day (Table S1 ). However, we did not identify differences in dietary intake between responders and non-responders, either at baseline or during the LSFD (Table S2) .
Pain symptoms
In the total population of those who completed the trial, the number of abdominal pain episodes, mean and maximum pain severity, and pain limiting activities decreased significantly on the LFSD (Table 1) . Pain frequency did not differ between responders and non-responders during the baseline period (11.2 ± 6.7 episodes vs. 11.8 ± 7.0, P = 0.9). During the LFSD period, responders had a lower pain frequency than non-responders, but the difference was not statistically significant (2.5 ± 3.3 episodes vs. 10.0 ± 7.6, P = 0.12).
Stooling characteristics and transit time
In the entire cohort, there was an overall trend toward having fewer bowel movements without a change in mean stool form while on the LFSD ( Table 1) . We did not detect statistically significant differences between responders and non-responders with respect to the frequency of bowel movements per week at baseline (5.75 ± 2.2 vs. 5.75 ± 3.3, P = 0.9) or during the LFSD (2.75 ± 2.2 vs. 4.25 ± 2.6, P = 0.7).
Whole intestinal transit time in hours (43.1 ± 29.2 vs. 48.0 ± 31.8) did not change significantly between baseline and the LFSD when examined in the entire cohort. Similarly, we did not identify significant differences in whole intestinal transit time between responders and non-responders at baseline (37.3 ± 28.1 vs. 47.6 ± 33.5 h, P = 0.69) or during the LFSD (53.0 ± 35.6 vs. 44.2 ± 33.6 h, P = 0.63).
Hydrogen and methane production We did not detect differences in hydrogen production (area under the curve) in the overall cohort between the baseline and LFSD periods (16572 ± 7929 vs. 17943 ± 6561 ppm*min, respectively). At baseline there was no difference between responders and non-responders (18997 ± 9627 vs. 14146 ± 6190 ppm*min, respectively) in hydrogen production. During the LFSD, responders produced less hydrogen than did non-responders (14462 ± 6980 vs. 21424 ± 4406 ppm*min, respectively, P = 0.14), but this did not reach statistical significance.
In the overall cohort there was a numerical but non-significant decrease in methane production (area under the curve) between baseline and LFSD periods (4761 ± 10479 ppm*min. vs. 2701 ± 3443, respectively). We did not identify differences between responders and non-responders in methane production at baseline (7933 ± 15119 vs. 1589 ± 897 ppm*min, respectively) or during the LFSD (4052 ± 4633 vs. 1351 ± 1154 ppm*min, respectively).
Microbial communities and associated metabolites Stool bacterial community richness is defined as the number of unique operational taxonomic units (OTUs) detected per sample. Diversity is defined as the distribution of these species among the community. Richness varied, with samples containing between 99 and 169 OTUs. Baseline and LFSD samples did not differ in the average number of OTUs (Table S2) . Neither OTU richness nor related α-diversity metrics (e.g., Shannon H' and Simpson 1/D) differed from baseline to LFSD periods (Table S2) .
Baseline stool communities were composed, in large part, of taxa belonging to the Bacteroidaceae, Ruminococcaceae, Lachnospiraceae, and related orders. Within the entire cohort, the distribution of these taxa did not change significantly after exposure to the LFSD; however, overall trends toward increased abundances of members of the Clostridiales and decreased abundance of Bacteroidetes were observed following the LFSD intervention (Fig. 2) .
In contrast to the comparison of baseline vs. LFSD periods for the entire cohort, there was significantly greater OTU richness and diversity at baseline within the stool communities of responders compared with non-responders ( Table S3) . Among responders, LEfSe analysis identified significantly increased abundances of OTUs belonging to the family Ruminococcaceae (Fig. 3A) . Specifically, these included members of the genera Sporobacter and Subdoligranulum. Non-responders were characterized by significantly increased abundance of two OTUs belonging to the class Bacteroidales and an OTU representing members of the family Ruminococcaceae (Fig. 3A) . Furthermore, the baseline microbiomes of responders and non-responders were fairly well separated by OTU composition as seen on principal components analysis (Fig. 3B) . This was even more striking when using only those children with IBS-C (Fig. 3C) . Responder microbial communities were enriched in OTUs resembling Phascolarctobacterium faecium when we limited our analysis to IBS-C subjects only.
Differences between responders and non-responders in community composition were also detected following the LFSD intervention (Fig. 4) . The responder community was found to be enriched in OTUs resembling Subdoligranulum, members of the Prevotellaceae, and unclassified Coriobacteriaceae. Notably, it was also depleted in Dialister, a genus belonging to the family Veillonellaceae. In contrast, the non-responder community was enriched with an Acetivibrio cellulolyticus-like OTU (OTU 914, unclassified Ruminococcaceae) and multiple Bacteroides-and Dialister-like OTUs. On average, Bacteroides accounted for 21% of the non-responder communities, whereas Bacteroides only accounted for 10% of the sequences recovered from the responder communities. Likewise, at the genus-level, Dialister accounted for nearly 5% of non-responder communities, but only 0.15% of the sequences recovered from responders.
To identify microbial-metabolite changes associated with responders to the LFSD, a tripartite network analysis was performed to identify fecal metabolites that correlated with microbiome differences between responders and non-responders ( Fig. 5) . Ten fecal metabolites (Table S3 ) differed during the LFSD vs. baseline when reviewing the entire cohort. At baseline, 22 fecal metabolites differed at baseline between responders and non-responders (Table S4) . During the LFSD, 39 fecal metabolites differed between responders and non-responders (Table S5 ). Metabolites such as L-urobilin were more strongly associated with responders while metabolites such as cholate were more strongly associated with non-responders (Fig. 5) .
Discussion
To our knowledge, this is the first pediatric study to evaluate the use of a comprehensive LFSD in childhood IBS. As found in adult studies, our pilot results suggest that this type of dietary intervention decreases abdominal pain frequency and severity in pediatric subjects with IBS. We found microbial factors such as baseline and dietary intervention stool microbiome composition, and subsequent stool metabolite associations differed between responders and non-responders. Our preliminary observations should prompt further investigation of an LFSD as a dietary intervention to ameliorate the symptoms in this population.
When attempting to identify factors that may account for LFSD efficacy, previous studies in adults have identified noncompliance as a factor. 10 One of the strengths of this pilot study is confirming compliance through the capture of nutrient intake during a habitual week and during the intervention period. We observed decreases in specific carbohydrates and reduction in intake of high FODMAPs (fermentable oligosaccharides disaccharides monosaccharides and polyols) 5 containing foods in the studied cohort. However, we also found several dietary changes beyond carbohydrate intake with children appearing to have reduced intake in several areas, including total calories. Nevertheless, we did not identify differences in consumption of nutrients or the number of fermentable items between responders and non-responders during the LFSD period, suggesting that dietary intake alone did not account for the marked differences in pain response between the two groups.
With respect to gaining insight into potential mechanisms possibly explaining the response to the dietary intervention, our study results suggest, as others have postulated, that the gut microbiota are a modifying factor with respect to the effect of dietary interventions in functional bowel disorders such as IBS. A subset of children with IBS responded more robustly to the diet (responders). Though demographic and clinical parameters did not differentiate responders from non-responders, responders appeared to have a different microbiome composition at baseline and during the LFSD. In line with this observation, the microbiological metabolic response as reflected by fecal metabolites differed between the two groups prior to and while on the LFSD.
Recently, reduced abundances of luminal bifidobacteria were identified in adults with IBS after starting an LFSD, though comprehensive evaluation of microbiome compositionbased differences between those who did and did not respond to the LFSD at baseline was not undertaken. 8 We found that the responder microbial community was enriched in OTUs resembling Sporobacter sp. at baseline and when we limited our analysis to IBS-C subjects only, Phascolarctobacterium faecium. Members of the genus Sporobacter are described as strict anaerobes and are known to degrade aromatic compounds and produce short chain fatty acids. 11 Phascolarctobacterium faecium is also a strict anaerobe and is known to produce propionate. 12 In contrast, non-responders were found to be enriched in Bacteroides and Bacteroidales which are known to have an extremely wide range of saccharolytic options. 13 We hypothesize that the trend toward an increased amount of hydrogen production while on the LFSD in non-responders suggests that continued fermentation occurred in this sub-group despite the dietary changes.
Previous studies in adults with IBS have suggested that the fecal profile of short chain fatty acids may influence abdominal pain symptoms, 14 though differences were not seen in short chain fatty acid production between controls and those placed on a 4-week LFSD. 8 In contrast, we identified a relative increase in isovalerate in responders vs. non-responders during the LFSD. Fructooligosaccharide supplementation has been shown to decrease isovalerate production in 16 patients who had undergone ileal pouch-anal anastomoses. 15 This was attributed to increased protein fermentation. 15 During the LFSD intervention, responders showed an enrichment of bacteria belonging to the Coriobacteriaceae. The best matches to these in the NCBI nr database were Adlercreutzia equolifaciens (95% similarity) and Gordonibacter pamelaeae (also sharing ~95% similarity with the 16S rRNA gene), both of which are known to be involved in protein metabolism. A recent metabolomics-based study reported altered amino acid concentrations in the stool of subjects with IBS relative to healthy controls. 16 Moreover, amino acid metabolism has been shown to differ in in vitro and animal experiments based on varying levels of fermentable carbohydrates. 16 Different protein metabolizers and decreased protein fermentation observed among the responders suggest a mechanism that may have contributed to the positive LFSD response and account for differences in dipeptide (e.g., lysylleucine and asparagylleucine) and amino acid metabolite associations (e.g., threonine and citrulline) found between responders and non-responders. Further evaluations, potentially including more comprehensive metagenomics (e.g., whole genome sequencing), may help elucidate the role of proteases within the microbiome.
The differing abundances of Sporobacter, Subdoligranulum, and Phascolarctobacterium between the responders and nonresponders at baseline suggest that these taxa may have the potential to serve as biomarkers to predict the likelihood of success for LFSD intervention. In the future this may help minimize the likelihood of starting an intervention that is unlikely to benefit children with IBS. Baseline bacterial gene count and species composition were recently found to significantly influence the effect of a dietary intervention in obese individuals: obese individuals with a low gene count were more responsive to the intervention as compared with obese individuals with a high gene count. 17 Given the size of our cohort, additional data are needed to confirm whether baseline microbial composition will determine LFSD efficacy in children with IBS.
During the LFSD intervention, the non-responders continued to be enriched with Bacteroides-like OTUs and showed increased abundances of an Acetivibrio cellulolyticus-like OTU (OTU 914), a Dorea-like OTU (OTU 1160), and Dialister-like OTUs (OTUs 590 and 331). Both Acetivibrio cellulolyticus and Dorea formicigenerans are known H 2 producers 18, 19 and may have contributed to the trend toward enhanced breath H 2 production observed in the non-responders after LFSD intervention. Previous studies in adults with IBS have demonstrated decreases in breath H 2 production paralleling improved symptoms with dietary interventions. 20, 21 However, to our knowledge these previous studies did not compare hydrogen production of those who improved while on the dietary intervention vs. those who did not. In addition, OTU 914 and 1160 are negatively correlated with multiple metabolites (e.g., citrulline and threonine) that were enriched in responders (Fig. 5) .
Dialister sp. are common gut commensals, but their role in intestinal disease and abdominal pain remains unclear. Joossens et al. reported decreased abundances of Dialister invisus in subjects with Crohn disease relative to unaffected controls. 22 In contrast, however, Jeffery et al. reported increased abundances of Dialisterlike OTUs in adult IBS subjects. 22, 23 The persistence of Dialister and other members of the Veilonellaceae may have contributed to the lack of response to the LFSD intervention among the nonresponder subjects. This speculation awaits further studies.
Whether differences identified in heme degradation pathways (responders having higher association with L-urobilin), bile acids (responders having higher association with dehydroxylithocholate) and lipid metabolism (responders having higher association with docosadienoate) truly relate to the clinical response seen is unknown. We note that diet has been shown to alter microbiota composition and heme oxygenase 1 expression in infants 24 and, more specifically, that oligosaccharides have been found to induce heme oxygenase-1 expression in macrophages and inhibit inflammation in a murine colitis model. 25 We speculate that dietary changes can in fact influence microbiota urobilin production, though further work is needed in this area. The differences seen may lend further support to underlying differences in microbiome composition being present between the two responder groups as urobilin production is dependent on microbial degradation pathways and specifically production of L-urobilin is associated with different microbiota than that of D-urobilin. 26 In parallel, gut microbiota have been associated with regulation of intestinal absorption and metabolism of fatty acids 27 and bile acids, 28 while a Bacteroides predominance, which was found in the Non-responder group, has been associated with Western diets composed of proteins and fats. 29 The length of time needed for a dietary intervention to be beneficial likely depends on the mechanism of action by which consumption of a food causes symptoms. 9 With respect to carbohydrate intolerance, symptoms consistent with those seen in IBS (e.g., bloating and abdominal pain) have been seen after a single challenge, suggesting that elimination of poorly tolerated carbohydrates may lead to rapid benefits. 30 Studies in adults with IBS have reported differences in symptoms in as little as two days of a high or low fermentable substrate diet intervention. 21 Moreover, gut microbiome changes have been identified within 24 h of a dietary shift. 29 Thus, the literature supports our use of one week on the LFSD for this initial pilot study. Further, identification of responders vs. non-responders and physiologic changes (e.g., breath H 2 production and microbiome composition) suggest that a week on the LFSD was adequate. Nonetheless, given the chronic nature and symptom variability of IBS, future long-term studies evaluating the relationships between duration of the LFSD and both symptom and microbiome responses are needed.
Previous interventions using a low carbohydrate diet have often focused on adults with diarrhea-predominant IBS. 4, 6 In our cohort, the majority of children had a constipation-predominant subtype; and in line with this, the majority of responders were more likely to have a constipation-predominant subtype. These preliminary data suggest that LFSD efficacy might not be limited to the diarrhea-predominant subtype. Though whole intestinal transit time did not change while on the diet, we note that children had a trend toward fewer bowel movements. We hypothesize this may be related to decreased overall intake of calories during the dietary intervention, with future, long-term studies needed to help delineate this further.
There are limitations to our study. First, due to its nature as a pilot study, there is a relatively small sample size. Larger sample sizes are needed in future studies to assess the findings. Second, the intervention was not placebo-controlled. However, lack of a control may have been ameliorated, in part, by the instructions to the participants that they would be taught one of two potentially efficacious diets, despite all being taught how to follow the same LFSD. Based on our pilot study, a placebo-controlled trial is warranted.
In conclusion, LFSD appears to hold promise as a therapy for children with IBS. Our results suggest that gut microbial factors may play a central role in the efficacy of LFSD. Future studies should include comprehensive gut microbial composition analysis and metabolomics to clarify the role of the GI microbiota in the clinical responses to an LFSD.
Patients and Methods

Ethics statement
All study procedures were approved by the Baylor College of Medicine Institutional Review Board with written informed consent obtained from the parents and assent from the children.
Pediatric subject evaluation and enrollment Children (7-17 y of age) with IBS were eligible for participation. Children were identified from pediatric practices by screening referrals to tertiary pediatric gastroenterology care for chronic abdominal pain and via newsletters and internet advertisements to the community. Parents and children were further screened by phone for inclusion and exclusion criteria and to establish current symptoms prior to enrollment. Exclusion criteria included the use of antibiotics or probiotics within 3 mo. The study was registered under clinicaltrials.gov (# NCT01018498). Participants completed a one-time visit at Texas Children's Hospital during which their height, weight, and race/ethnicity were captured. Children and parents completed a pediatric Rome III GI symptom questionnaire to ensure IBS criteria were met. 
Dietary intervention
Children and their parents met with a registered research dietitian (A.R.M.) during the visit at Texas Children's Hospital. They were taught how to keep a complete food diary (including quantity and composition of each food). Children and their parents were then told they would be asked to begin one of two diets as determined by the dietitian. However, all subjects were taught how to follow the same LFSD based on the low FODMAPs approach. 5 Participants were provided sample menus and a table detailing foods to avoid and foods allowed on the diet. Furthermore, participants were given the dietitian's contact information to answer any questions during the intervention period.
Subjects then completed a one-week period in which they continued their own standard habitual (baseline) diet, followed by one week during which they followed the LFSD (Fig. 1) . The participants completed a three-day food record during the baseline period and again during the dietary intervention period. The Nutrition Data System for Research (University of Minnesota) version 2010 was used to analyze the food records. The dietitian also manually counted the number of foods that were high in FODMAPs content within the baseline and LFSD period.
Pain and stool diary
The primary outcome of the study was abdominal pain frequency (number of pain episodes). Responders were defined as having a ⩾50% decrease in pain frequency in response to the LFSD as recommended for outcomes in IBS studies. 31 Related secondary outcomes included abdominal pain severity and abdominal pain interference of activities. In order to measure these outcomes, children kept a one-week pain and stool diary as described previously during both the baseline and LFSD periods. 32, 33 Abdominal pain ratings were made 3 times per day (awakening, after lunch, and evening) during each one-week period. Pain ratings were recorded directly into the database via a dedicated touchtone telephone line. The child rated the pain using a validated 0-10 scale for measuring abdominal pain in children with 0 being "no pain at all" and 10 representing the "worst pain you can imagine." 33 The maximum level of pain was defined as the greatest pain intensity recorded during the oneweek period. Mean pain was defined as the average pain rating throughout the entire week. Every stool passed during the oneweek period, including those submitted for analysis (see below) were characterized by the children using the validated modified pediatric Bristol stool form chart. 32, 34 Children were subtyped based on stool form as having IBS-constipation (hard ⩾5% and loose ⩽25% of the time), IBS-diarrhea (hard ⩽25% and loose ⩾25%), IBS-mixed (hard or loose ⩾25%), or IBS-untyped (does not meet criteria for IBS-C, IBS-D, or IBS-M).
35
Physiologic measures
On the last day of both the baseline and LFSD periods, children were asked to capture up to 14 hourly breath samples. Samples were collected using a standard collection kit (Kidsampler System ® , Quintron Instrument Co) and analyzed for hydrogen, methane, and carbon dioxide using gas chromatography (MicroLyzer ® Model SC, QuintTron Instrument Company).
36,37
Concentrations of hydrogen and methane were normalized to the concentration of carbon dioxide, while carbon dioxide production rates were calculated based on body weight. 38 An area under the curve was calculated based on the hydrogen and methane concentrations over time. If necessary, the number of hours was normalized between the baseline and dietary intervention periods to ensure an equal number of hours analyzed between the two periods for each subject.
The subject also swallowed a small pill of carmine red. All stools were collected for the next 2 d, and subjects were instructed to record the first presence of reddish discoloration in their stools. The time from ingestion of the carmine red to visualization in the stool defined whole gut transit time.
Stool microbiome composition determination DNA extraction, bacterial 16S rRNA gene amplification, and 454 sequencing of 16S rRNA gene libraries were performed at the Texas Children's Microbiome Center as previously described. 3 In brief, DNA was extracted from stool samples using a commercial DNA extraction kit (MO-BIO PowerSoil ® DNA Isolation Kit, MO-BIO Laboratories) following the modified protocols described by the Human Microbiome Project.
39 Individual sequence libraries were generated using bar-coded primers targeting the V3-V5 region of the 16S rRNA gene. 3 Following emulsion PCR, the PCR products were pooled and sequenced on the GS-FLX platform (454 Life Sciences/Roche).
The pooled sequence data were quality-filtered and parsed by barcode using the QIIME software package v. 1.3.0, 40 as implemented in the Genboree Microbiome Toolbench. 41 Sequences that had lengths shorter than 200 bp, had average quality scores <20, harbored ambiguous base calls, or had mismatches to their barcode or sequencing primer were excluded from downstream analysis. The quality-filtered sequences were assigned to operational taxonomic units (OTUs, sequences that share ⩾97% similarity) using Cd-Hit. 42 Sequences were screened for chimeras using the ChimeraSlayer algorithm, 43 and all potential chimeras were excluded from downstream analysis. Taxonomic identities were assigned to the remaining pool of sequences using the Ribosomal Database Project Classifier (Release 10). 44 BLAST searches of NCBI's GenBank nr database were used to provide supplemental identity information for particular OTUs of interest.
An average of 2145 high-quality 16S rRNA gene sequences were generated per stool sample (range: 1013-4125). Given the variation in library size and the potential for differences in sequencing depth to bias the calculation of diversity metrics, each library was randomly sub-sampled to contain 1013 sequences. All results presented here are based on these sub-sampled libraries. Alpha diversity metrics, including OTU richness, Shannon H', and the reciprocal Simpson index (1/D) were calculated using QIIME.
Full sequence libraries were deposited in the NCBI Sequence Read Archive under project accession number SRP018824.
Stool metabolite composition measurements As previously described, all stool samples were sent to Metabolon, Inc., for quantification of metabolites. 45 For sample preparation, water was added to a volume of 5 μL/mg of tissue and subjected to homogenization by rapid shaking. Fecal pellets were first lyophilized then resuspended in water (20 μL/mg of dried sample) before homogenization. Following homogenization, 100 μL of the fecal suspensions were used for extraction. Samples were prepared using the automated MicroLab STAR system (Hamilton Company). A recovery standard was added before the first step in the extraction process for quality control (QC) purposes. Sample extraction was conducted using an aqueous methanol extraction process to remove the protein fraction while allowing maximum recovery of small molecules. The resulting extract was divided into 4 fractions: 1 for analysis by ultra-performance liquid chromatography tandem mass spectroscopy (UPLC/MS/MS 2 ; positive mode), 1 for UPLC/MS/MS 2 (negative mode), 1 for gas chromatography mass spectroscopy (GC/MS), and 1 for backup. Samples were placed briefly on a TurboVap (Zymark) to remove the organic solvent. Each sample was then frozen and dried under vacuum and prepared to run on either the UPLC/MS/MS 2 or GC/MS instruments. Samples were processed as described previously. 46, 47 For quality assurance (QA)/QC, additional samples were included with each day's analysis. These samples included extracts of a pool of wellcharacterized human plasma, extracts of a pool created from a small aliquot of the experimental samples, and process blanks. QC samples were spaced evenly among the injections, and all experimental samples were randomly distributed throughout the run. A selection of QC compounds was added to every sample for chromatographic alignment, including those under test.
Raw data were extracted, peak-identified, and QC processed using Metabolon's hardware and software. 45 Metabolon maintains a library based on authenticated standards that contain the retention time/index (RI), mass to charge ratio (m/z), and chromatographic data (including MS/MS spectral data) on all molecules present in the library. Furthermore, biochemical identifications are based on 3 criteria: retention index within a narrow RI window of the proposed identification, nominal mass match to the library +/− 0.2 amu, and the MS/MS forward and reverse scores between the experimental data and authentic standards. The MS/MS scores are based on a comparison of the ions present in the experimental spectrum to the ions present in the library spectrum. While there may be similarities between these molecules based on one of these factors, the use of all 3 data points can be used to distinguish and differentiate biochemicals. More than 2400 commercially available purified standard compounds have been acquired and registered into LIMS for distribution to both the LC and GC platforms for determination of their analytical characteristics.
Statistical analysis
Those who completed the LFSD trial were included for all subsequent statistical analyses. IBM Statistics (version 20) was used for comparisons between baseline and LFSD periods within subjects using paired Wilcoxon (continuous variables) or McNemar tests (categorical variables). Comparisons between responders and non-responders were done using Chi-square testing for categorical variables and Mann-Whitney U nonparametric testing for continuous variables.
Differences in stool microbiome baseline and post-diet community composition, as well as differences in composition between responders and non-responders, were evaluated using Mann-Whitney tests and principal components analysis of unweighted Unifrac distances, as calculated in QIIME. The LEfSe software package 48 was also used to identify differentially abundant features and to evaluate the statistical significance of metagenomic biomarkers. Lefse allowed for characterization between biological conditions taking into account effect size and statistical differences through the usage of unpaired Wilcoxon rank-sum testing. 48 Unless otherwise described, data are presented as the mean ± standard deviation.
The differences in stool metabolites seen comparing baseline to post-LFSD fecal metabolites in the entire cohort was evaluated using paired t tests. Differences in stool metabolites between responders and non-responders at baseline and during the LFSD were evaluated using repeated measures ANOVA.
P values <0.05 were considered to represent significant differences for all analyses, including those involving the stool microbiome and metabolites. Given that this was a pilot study limited by sample size, multiple testing corrections were not performed.
Subject-metabolite-microbiome visualization
Subject-OTU-metabolite relationships were visualized using a hive plot approach. 49 OTUs that differed significantly between responders and non-responders, as determined by LEfSe analysis (above), were included in the plot, as were those metabolites which differed significantly between responders and non-responders following the LFSD intervention (Table S5) . Potential relationships between OTUs and metabolites were evaluated using an all vs. all Spearman correlation of OTUs and metabolites, followed by Benjamini-Hochberg corrections for multiple comparisons in R. 50 Those OTUs and metabolites which were found to share significant correlations (q < 0.10) are highlighted in Figure 5 .
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